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Principle of the FTP Technology
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Where:
h __ LAD(x,y) h = height
(x, y) AD(x,y)—27fod AD = phase variation
fo= fundamental frequency
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FTP Process Flow Chart

Fourier Transform Profilometry (FTP) - A 3-D shape
measurement technique. Projecting a fringe pattern
upon target surface and observing its deformation

from a different view angle.
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Typical Measurement Results under
Simulated Conditions

* Distance between camera and
target: 15 ft

* Distance between camera and
projector: 8”

* Ronchi filter: 250 Lines/Inch

* Target: paper cone with base
diameter ® = 26.7 cm (~10.5")
and peak height =10.4 cm
(~4”)
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Target | Measured | Error

Peak Height | 44 1031 | 0.9%
(cm)

Volume 1 494100 | 196273 | 1.1%
(cm?)
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FTP Probe System

for Hanford Waste Tanks
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Design Goals for In-Tank
Probe Inspection Systems

* Must be deployable through 4” ID riser.
* Insertion depths of 9 to 30 ft.

« Ability to pan 360 ° and to tilt 120°.

* [llumination must be provided.

* Deployment by 2 technicians wearing protective
garment & heavy gloves w/o use of “crane.”

* Max. riser loads of 500 Ib axial & 250 ft-lb bending
moment.

* Operator lifting limitation of 40 Ibs will require
breakdown into subassemblies.
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Plan for Floor Measurement within Tanks

Bend up i -
Probe ‘ Bend up a Probe ‘ Bend u
the elbow P P
@ (90°) and @ little more @ further
rotate the (90°+A0) and Elb (+A0) till the
ow
probe (Ag,) |Elbow rotate (A¢,) flogef:las
completely
Field-of-View FOV of covered
(FOV) of Camera
Camera

I Area

Direction Covered

Direction
of Rotation

a x Area

FOV of Camera

Floor

FOV of Camera

Institute for Clean Energy Technology - Mississippi State University8



Multi-Stage Measurement Simulation

-Stage 1: Flat “tank floor.” Analyze objects
within single image.

-Stage 2: Flat “tank floor.” Stitch together
results.

-Stage 3: Bowl-shaped “tank floor.” Analyze
objects within single image.

-Stage 4: Bowl-shaped “tank floor.” Stitch
together results.
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Multi-Stage Measurement Simulation

-Stage 5: Full-scale simulated deployment of
FTP probe system at ICET.

-Stage 6: Demonstration of FTP probe
system at Hanford’s Cold Test Facility (CTF).
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FTP Performance Evaluation

Stage 1 Results
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Objects Layout on 20-ft Flat Tank Floor

B2 T
b
S5
4” Riser
S2

Panel B Panel C

B#: 1 7/8” OD blue hoses (in # of feet long)
P#: 14” long PVC pipes (in # of inches O.D.)
H#: Black hose (ellipse with major 1 1/8” & minor 61/64” OD) (in # of feet long)

S#: Unknown target # made of styrofoam
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Layout for Viewing Targets on Panel C
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Determination of Non-Descript Volumes
by Traditional Means

# Average Std Relative
Target | Replicates | Volume | Dev | yncertainty
(cm3) (cm3)
S1 10 1027.8 12.2 1.19%
S2 4 1070.2 7.2 0.67%
S3 4 1954.1 10.2 0.52%
S4 4 1070.7 5.6 0.52%
S5 4 421.8 4.6 1.09%
S6 4 647.1 3.8 0.58%
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Typical FTP Reconstructed Profiles for S2
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Typical FTP Reconstructed Profiles for S3
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2-D Reconstruction

CEN

Institute for Clean Energy Technology -

Conditions: 25 ft away, 18.5 ft offset,
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Typical FTP Reconstructed Profiles for S6

Conditions: 25 ft away, 9 ft offset,
26.6 ft diagonal

Measured volume: 665 cm?

True volume: 647 cm3 £ 4 cm3 (1 o)

Error: 18 cm? (2.8%)

Original Image

m“ll
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FTP Measurements of Non-Descript Targets

FTP True Absolute | Relative

Panel | Target | Distance | Offset | Volume | Volume Error Error
(ft) (ft) (cm3) (cm°) (cm3) (%)
B S1 25 9 1093 1028 £ 12 65 6.3
B S1 15 9 1033 1028 £ 12 5 0.5
A S2 25 0 1069 1070 £ 7 -1 -0.1
A S2 15 0 1133 1070+ 7 63 5.9
A S2 7 0 1120 1070 £ 7 50 4.7
C S3 25 18.5 1804 1954 £ 10 -150 -7.7

C S3 15 18.5 1719 1954 £ 10 -235 -12.0
C S4 15 18.5 1117 1071 £6 46 4.3
C S4 15 18.5 967 1071 £6 -104 -9.7
A S5 25 0 358 422 £+ 5 -64 -15.2
A S5 15 0 447 422 + 5 25 5.9
A S5 7 0 425 422 £ 5 3 0.7
B S6 25 9 665 647 £ 4 18 2.8
B S6 15 9 625 647 £ 4 -22 3.4
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Pixel Counting Measurements of “Known” Targets

Panel | Target | Distance | Offset | Volume | True Volume Abs Relative
(ft) (ft) (cmd) (cmd) Error Error
A B2 25 0 976 1086 -110 -10.1%
A P1 25 0 201 180 +21 +11.7%
A P2 25 0 821 721 +100 +13.9%
A H1 25 0 179 166 +13 +7.8%
A H3 25 0 574 497 +77 +15.5%
B B1 25 9 518 543 -25 -4.6%
B P1 25 9 204 180 +24 +11.8%
B P2 25 9 695 721 -26 -3.6%
B H2 25 9 374 331 +43 +13.0%
B H3 25 9 946 497 +49 +9.9%
C B3 25 18.5 1376 1629 -253 -15.5%
C P1 25 18.5 208 180 +28 +15.6%
C P2 25 18.5 764 721 +18 +10.8%
C H1 25 18.5 184 166 +18 +10.8%
C H2 25 18.5 353 331 +22 +6.6%
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FTP Analyst Dependence
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FTP Analyst Dependence

“True” Rel Error Rel Error | Rel Error | Rel Error

Target Vol (ft3) (MM) (PRJ) (OPN) (ZL)
S5 0.01490 103.8% 25.15% -3.9% -1.5%
S6 0.02285 48.3% 31.4% 8.05% 4.3%
S1 0.036295 15.1% 25.9% 13.0% 3.4%
S2 0.03779 11.9% 35.8% 9.6% 3.2%
S4 0.03781 50.0% 25.5% 3.5% 0.7%
S3 0.06900 5.8% 19.25% 6.7% 3.0%
Average 39.15% 27.2% 6.2% 2.2%
(Min, (1.05, (7.6, (—12.2, (-5.2,

Max) 113.6) 48.8) 28.0) 7.8)
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FTP Analyst Dependence
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Preliminary results indicate that FTP has relatively
low analyst dependence and that relative error (%)
seems to be independent of target size at least for
the targets studied to date.
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Summary of Stage 1 Results

On average, FTP technique was able to determine
volume of the non-descript targets to within 5.7% of their
true value. Geometric correction was applied to correct
for non-perpendicular viewing configuration and hence
skewing of images.

On average, pixel counting technique was able to
determine volume of “known” targets to within 10.4% of
their true value. Geometric correction does not seem to
affect accuracy of pixel counting results.

FTP technique has a relatively low analyst dependence.
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Recent Improvements

FTP has traditionally be utilized with objects of
interest perpendicular to camera. We have
implemented an improved algorithm for non-
perpendicular images that corrects for fact that
viewed areas are keystone-shaped rather than
rectangular.

We have developed and extensively tested a
stitching procedure that allows us to stitch together
volumes for objects that extend beyond single
image.

ICET 7
2 > Institute for Clean Energy Technology - Mississippi State University



Acknowledgments

We wish to thank Mr. Dennis Hamilton (CH2MHILL

Hanford) and Mr. Gary Josephson (PNNL) for their
guidance and assistance for this effort.

This effort was funded by the U.S. Department of

Energy’s Office of Environmental Management
through Cooperative Agreement DE-FC01-06EW-07040.

ICET s
| > Institute for Clean Energy Technology - Mississippi State University



Contact Information:

Dr. David L. Monts

Institute for Clean Energy Technology (ICET)
Mississippi State University

205 Research Blvd

Starkville, MS 39759

Phone: (662) 325-7389

FAX: (662) 325-8465

E-mail: Monts@ICET.MsState.Edu

Web site: http://www.icet.msstate.edu/

Institute for Clean Energy Technology - Mississippi State Universit;g 6




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [720.000 540.000]
>> setpagedevice


